Interstitial waters from eleven sites of the Eastern Mediterranean Basin (Sites 963-973) were analyzed for stable isotopes of dissolved sulfate (δ 34 S, δ 18 O) and major and minor ions. Sulfate reduction rates are positively related to bulk sedimentation rates, which indicates a higher burial of metabolizable organic matter with increasing sedimentation rates. Bacterial sulfate reduction in the deeper samples from most of the sites is superimposed by a sulfate input from Messinian evaporites or late-stage evaporite brines that are located at depth; dissolution of gypsum within the cored section was found at Sites 967 and 968. Authigenic gypsum precipitation was identified at Site 973 below 100 mbsf.
INTRODUCTION
Sediments in the Eastern Mediterranean basin are dominated by alternating sequences of organic-poor hemipelagic sediments and organic-rich sapropels or sapropelic layers (Buckley et al., 1974; Calvert, 1983; de Lange et al., 1989) , which are thought to be controlled by cyclic changes in environmental conditions (Sigl et al., 1978; Calvert, 1983; de Lange and ten Haven, 1983) .
Interstitial waters from eleven sites of the Eastern Mediterranean Basin (Sites 963-973; Fig. 1 O) , in addition to major and minor ions. Site 963 is in the Strait of Sicily, Site 964 is on the Pisano Plateau in the Ionian Basin, and Sites 969-973 are from the Mediterranean Ridge between the Ionian and the Levantine Basins. Sites 970 and 971 were drilled on the flanks of the now passive Milano Dome and the still active Napoli Dome mud volcanoes, respectively. Sites 965-968 are positioned on a transect between the Eratosthenes Seamount and the Cyprus margin. The recovered sediments span a time interval from the Eocene to the Holocene (Emeis, Robertson, Richter, et al., 1996) . Frequent sapropel layers with organic-carbon content up to 30% by weight (Emeis, Robertson, Richter, et al., 1996) were found at almost all sites reflecting periods of enhanced organic matter production and/or preservation.
Pore waters were retrieved from all sites drilled during Leg 160 to follow the early and late diagenetic microbial organic matter degradation within the sediment column and the influence of evaporites, or late-stage evaporite brines at depth, on the interstitial waters of the overlaying sediments.
SAMPLING AND ANALYTICAL METHODS
Interstitial water samples were squeezed from whole-round samples immediately after retrieval of the cores with the standard ODP titanium/stainless-steel squeezer (Manheim and Sayles, 1974 ) and a plastic-lined squeezer (Brumsack et al., 1992) . The retrieved pore waters were subsequently analyzed on board ship for salinity, alkalinity, sulfate, chloride, bromide, lithium, potassium, rubidium, sodium, calcium, magnesium, strontium, ammonium, and silica by using the methods described in Gieskes et al. (1991) . The shipboard sulfate data obtained by ion chromatography were additionally confirmed by X-ray fluorescence spectroscopy (Wehausen, pers. comm., 1996) . Sulfur and oxygen isotope measurements of dissolved sulfate were determined on pore waters previously used for shipboard alkalinity determinations. The sulfate was precipitated quantitatively as BaSO 4 by the addition of barium chloride, washed with deionized water, and dried at 110°C. For sulfur isotope analysis, the sulfate was converted to SO 2 via flash combustion in an elemental analyzer (Giesemann et al., 1994) . Sulfur isotope ratios ( 34 S/ 32 S) were analyzed by combustion-isotope-ratio-monitoring mass spectrometry (C-irmMS). Since this method has not previously been described in detail, the relevant information is given in the appendix of this paper. Oxygen isotope measurements on BaSO 4 were carried out at the Marie CurieSkolodowska University of Lublin according to the method described by Mizutani (1971) . A δ 18 O value of +9.5‰ was obtained for the IAEA intercomparison distribute NBS-127 (BaSO 4 ) which agrees with the proposed value of +9.34 ±0.32‰ (Gonfiantini et al., 1995 
RESULTS AND DISCUSSION

Oxidation of Organic Matter and Methane
From the downward variation of dissolved sulfate concentrations in the interstitial waters (Figs. 2, 3) , it is evident that most of the sites are characterized by more or less intense bacterial sulfate reduction. Even at those sites where the pore-water sulfate concentrations are comparable to modern Mediterranean seawater (~31 mM; surface seawater at Site 973), microbial activities using sulfate as the electron acceptor are traced by the sulfur isotopic composition of residual sulfate.
Reduction of dissolved sulfate proceeds because of the availability of metabolizable organic matter or hydrocarbons (mainly CH 4 ) in the sediments. Whereas sulfate reduction is essentially complete in the upper portions of cores from Holes 963A, 971B, 970C and 970D (Table 1) , significant amounts of sulfate are still present in the interstitial waters of cores from all other sites. No influence of organicrich layers (sapropels) in the sediment column was observed on the pore-water sulfate profiles.
Sulfate reduction rates (SRR) for the upper portions of the sediment sections from Sites 963, 964, 966, and 968 were calculated according to Canfield (1991) and are positively correlated to the bulk sedimentation rates (BSR; Fig. 4 ), which indicates higher preservation of metabolizable organic matter with an increasing sedimentation rate (Berner, 1980) . The results for the Eastern Mediterranean agree well with those for the Western Mediterranean (Leg 161; Bött-cher et al., in press) and a linear regression of all data yields (r = 0.924; n = 9)
The microbial reduction of dissolved sulfate leads to a kinetic isotope effect, an enrichment of the lighter sulfur isotope 32 S in the formed hydrogen sulfide, and a corresponding rise of the isotope values of the residual sulfate (e.g. Chambers and Trudinger, 1979; Rees, 1973) .
By assuming closed-system conditions with respect to dissolved sulfate (Hartmann and Nielsen, 1969; Sweeney and Kaplan, 1980) , an evaluation of the residual sulfate data of Site 963 between 0 and 21.45 mbsf according to the Raleigh fractionation model yields a very good linear correlation (Fig. 5) and a fractionation factor of 1.047. This value is at the upper boundary observed experimentally for microbial sulfate reduction at low reaction rates (Chambers and Trudinger, 1979; Canfield and Teske, 1996; Rees, 1973) . A contribution of sulfate diffusion from the sediment-water interface to the pore-water sulfate pool ("open system" with respect to sulfate) would increase the calculated fractionation factor (Jørgensen, 1979) . It has been shown, however, that closed-system evaluation often serves as a good and internally consistent approximation for diagenetic sulfate reduction in marine systems (Hartmann and Nielsen, 1969; Sweeney and Kaplan, 1980) . The sulfate profile at Site 963 shows a convex-up curvature (Fig. 2) , which, together with the downward increase in alkalinity and dissolved ammonium (Fig. 6) , indicates that sulfate reduction seems to be related to the microbial in situ degradation of organic matter and that upward diffusion of methane played no significant role in the upper part of the sedimentary column (Borowski et al., 1996) . For the deepest pore-water sample retrieved at Site 963, a value for the residual sulfate fraction of 0.24 is calculated from the measured dissolved sulfate concentration when no additional sulfate source is considered. This extremely 34 S-enriched sulfate sample, however, plots significantly above the regression line obtained for samples from the upper part of the sedimentary column (Fig. 5) . Based on the measured δ 34 S value of the sample from Section 160-963A-24H-2, a theoretical residual sulfate fraction of 0.15 is calculated with the regression equation from Figure 5 when the 34 S: 32 S fractionation factor (α = 1.047) is taken to be constant for the whole core. Therefore, an additional source for dissolved sulfate has to be considered. A sulfate input of 18 mM from evaporites below the Site 963 core is suggested by the measured dissolved sulfate concentration and the calculated residual sulfate fraction. A corresponding increase in Sr 2+ of about 200 µmol/L, indicates a Sr 2+ content of the solid phase of about 134 ppm, which is only slightly below the range reported for Messinian gypsum (de Lange et al., 1990) . The slight strontium deficit is probably related to some authigenic carbonate precipitation. The downcore variation of interstitial water parameters (Fig. 6) indicates that the oxidation of methane is responsible for the sulfate reduction below 130 mbsf. Therefore, microbial activities take place even in deeply buried sediments that are more than 1 Ma. The sulfur isotope value for the combined low sulfate samples between 52 and 154 mbsf is, although quite heavy (δ 34 S = +88‰), smaller than expected from the relation given in Figure 5 . This is probably due to the very low sulfate concentrations (Table 1) , because somewhat smaller isotope fractionation factors are observed under sulfate-limiting conditions (Chambers and Trudinger, 1979) . A minor contribution from sulfate contamination during sampling, however, cannot be completely ruled out.
Intense sulfate reduction is also indicated for the pore waters from the mud volcano Sites 970 and 971 (Fig. 3) . Aside from high concentrations of hydrocarbons (mainly CH 4 ), coexisting H 2 S and SO 4 2-were present (Emeis, Robertson, Richter, et al., 1996) . H 2 S from 3.4 mbsf at Hole 971D, for example, showed a δ 34 S value of +27‰ vs. +47‰ for the dissolved sulfate at 1.3 mbsf (Table 1) . Since methanogenesis should be separated in space from the sulfate reduction zone, it is suggested that methane percolates through the sediment from greater depth. The observed variabilities in sulfate concentrations between different holes of Sites 970 and 971 (Table 1 ; Fig. 3 ) are mainly caused by locally varying upward fluxes of methane or quantities of decomposing clathrates. Extremely high alkalinity values of up to more than 80 mM in the pore waters of Sites 970 and 971 (Emeis, Robertson, Richter, et al., 1996) result from microbial CH 4 oxidation associated with sulfate reduction. The inverse relationship between sulfate concentrations and stable isotope data in the deeper section of Hole 970A clearly shows an upward flux of a sulfate-containing brine from underlaying sediments (Fig. 3) .
Figure 7 summarizes all measured sulfur isotope data as a function of the residual sulfate concentration, and compares the results with some predicted general trends that are, alone or in combination, responsible for the observed variations in the interstitial waters from Site 160. It should be noted that, based on the present interstitial water results, no indication for a significant contribution of reoxidation processes involving reduced sulfur species (dissolved sulfide and/or solid sulfides) is found. Based on the geochemical results for the recent sapropels where downward migration of dissolved bisulfide into the underlying organic-poor sediments was observed (Passier et al., 1996 (Passier et al., , 1997 , significant contributions from complex reoxidation and disproportionation reactions within the sulfur cycle (Canfield and Teske, 1996; Jørgensen, 1990) ) values increase with increasing δ 34 S values, the oxygen isotopic composition of the residual sulfate tends to approach a steady state (Fig.  9 ). For modern Eastern Mediterranean seawater, Stenni and Longinelli (1990) reported an average δ 18 O(H 2 O) value of about +1.5‰. At 15°C, a typical water temperature in the sediment cores of Leg 160 (Emeis, Robertson, Richter, et al., 1996) , the isotopic composition of dissolved sulfate in equilibrium with interstitial waters of Mediterranean seawater composition should be +32.6‰ when compared to the extrapolated results from hydrothermal inorganic exchange experiments (Mizutani and Rafter, 1969) . The observed stable isotope data are generally below the proposed equilibrium value (Figs. 8, 9 ).
The inorganic oxygen isotope exchange reaction between dissolved sulfate and water at low temperatures and neutral pH is extremely slow (Chiba and Sakai, 1985; Lloyd, 1968; Mizutani and Rafter, 1969) and has been found to be negligible in oxic deep sea sediments up to 50 Ma old (Zak et al., 1980) . On the other hand, significant oxygen isotope variations in dissolved sulfate have been observed in microbial sulfate reduction studies (e.g. Mizutani and Rafter, 1973; Fritz et al., 1989) and pore waters of anoxic sediments (Zak et al., 1980 (Zak et al., 1980) . For the ratio of the kinetic enrichment factors ε 18O /ε 34S typical values between about 0.2 and 0.4 are reported (Fritz et al., 1989) . From the data in Tables 1 and  2 , however, highly variable ε 18O /ε 34S values between 0.5 and 1.5 (Site 963) and between 0.3 and 1.3 (Site 964) are calculated. Similar results are observed in other anoxic sediments (Zak et al., 1980) . From Figure 5 it is evident that the variation of δ 18 O(SO 4 2-) values as a function of ln F does not fall on a linear trend as expected for unidirectional kinetic isotope fractionation. This difference is caused by a superimposition of the kinetic isotope effect by oxygen isotope exchange reactions with the aqueous solution. This leads to an increased equilibration between residual sulfate and pore water with an increasing degree of microbial sulfate reduction. A sulfate-enzyme complex that is formed as an intermediate reaction product during dissimilatory sulfate reduction by bacteria is supposed to facilitate the observed isotope exchange with water until equilibration (Fritz et al., 1989) . Figure 9 shows that the oxygen isotopes equilibrate more rapidly than the δ 34 S values increase at Site 964 when compared to Site 963. This is caused by a lower SRR at Site 964 (Fig. 4) which enables a more intense oxygen isotope exchange upon reaction even at low degrees of sulfate reduction. This is additionally confirmed by a comparison with the results from a sediment with a high BSR and SRR from the San Pedro Martir basin in the Gulf of California (Fig.  9) . The distinct relationships between δ 18 O and δ 34 S values seem to be related to their different sulfate reduction rates. It is therefore suggested that different sulfate reduction rates in marine sediments are directly reflected on the δ 18 O−δ 34 S plots.
Effect of Evaporites, Brines, and the Formation of Authigenic Gypsum and Baryte
For most sites, an increase in sulfate concentration is found deeper downcore (Figs. 2 and 3 ). This is due to a superimposition of bacterial sulfate reduction by sulfate input from Messinian evaporites or latestage evaporite brines that are located at depth. The upward sulfate flux from saline brines located at depth is inferred from salinity and major element variations of the interstitial waters from Sites 969, 971, 972, and 973, and Hole 970B (Emeis, Robertson, Richter, et al., 1996) . On the other hand, low salinity waters at the mud volcano Site 970 are presumably caused by the decomposition of methane clathrates upon sampling. At Site 963, the sulfate input from evaporites is not associated with an increase in salinity. It is, however, clearly seen in the increase of dissolved sulfate below about 160 mbsf and the isotopically extremely heavy residual sulfate at 195 mbsf (Table 1) . The deeper samples from Sites 963, 966−969 and 973 indicate input of sulfate from Messinian evaporites located at depth with a δ 34 S value around +23‰ (Stenni and Longinelli, 1990; de Lange et al., 1990; Böttcher et al., in press) . Because the dissolution of sulfate minerals from evaporites does not lead to sulfur isotope fractionation (Böttcher and Usdowski, 1993) , Messinian sulfates must contribute to the sulfur isotopic composition of the interstitial sulfate with δ 34 S values of about +23‰, which is in general agreement with the observed variation of δ 34 S values (Fig. 2) . At Sites 967 (below ~110 mbsf) and 968 (below ~180 mbsf) gypsum was found in the sediment cores; the pore-water profiles give clear evidence for the local dissolution of calcium sulfates until saturation with gypsum was attained ( Fig. 2 ; Emeis, Robertson, Richter, et al., 1996) .
Authigenic gypsum precipitation in small veins was found at Site 973 below about 110 mbsf (Emeis, Robertson, Richter, et al., 1996) , which is in agreement with a minimum in the sulfate concentration profile (Fig. 2) . The sulfur isotopic composition of authigenic gypsum recovered from the site (δ 34 S ≈ +21.5‰; Table 3 ) is distinct from that of Messinian evaporites, which have a δ 34 S value around +23‰ (Stenni and Longinelli, 1990; de Lange et al., 1990; Böttcher et al., in press) . Considering an enrichment of δ 34 S by about +1.6‰ in the solid during crystallization of gypsum (Thode and Monster, 1965) , the mother solution of the Site 973 gypsum should have had an isotopic composition around +20‰, similar to the interstitial waters retrieved from the sediments below 120 mbsf (Table 1; Fig. 2 ). The slight depletion of these pore waters in 34 S with respect to modern Mediterranean seawater may be caused by a "reservoir effect" during gypsum precipitation (Fig. 7) .
High barium concentrations (Ba 2+ up to 74 µM) are observed at Site 963 where sulfate is low (Böttcher et al., 1996) , reflecting dissolution of biogenic barite following sulfate reduction. From the variation of pore-water concentrations of sulfate and Ba 2+ , the development of two "barite fronts" (Brumsack, 1986; Brumsack et al., 1992; Torres et al., 1996) at Site 963 is expected at 30−40 mbsf and 130− 140 mbsf (Fig. 2) . The diagenetic barite should be extremely enriched in 34 S with respect to modern Mediterranean surface water, based on the isotopic composition of dissolved sulfate (around +80‰ vs. V-CDT).
CONCLUSIONS
The variation of concentration and stable isotopic compositions (δ 34 S, δ 18 O) of interstitial water sulfate from the Eastern Mediterranean is dominated by the following processes: 
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